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Abstract
I am commenting on the recent paper [1] about a new calculation of the
H → γγ rate mediated by theW boson loop, and the lack of decoupling of
the heavy states which mediate the decay. We remind the reader that the
heavy Higgs limit is dominated by the contribution from the longitudinal
W bosons, which in the limit mH ≫MW are represented by the charged
Higgs ghosts according to the equivalence theorem. The corresponding
contribution is missing in [1].
1 Introduction
In a recent paper [1] previous one-loop calculations of the decay H → γγ via
the W boson loop in the electroweak Standard Model (SM) have been criticized
to be incorrect. In [1] it is argued that in the limit mH ≫MW the Higgs decay
amplitude A
(W )
Hγγ should stay bounded, while it is actually ∝ m2H , a behavior
which is claimed to be violating the decoupling theorem. In this short note we
defend previous calculations and explain why previous results are correct. The
main point is that the decoupling theorem [2] is a statement about the limit
MW ≫ mH while the limit mH ≫MW is ruled by the equivalence theorem [3].
It is well known that heavy Higgs and heavy top physics has little to do with
the gauge sector (since the heavy Higgs, heavy top effective theory is there for
vanishing gauge couplings g, g′ = 0), but is determined entirely by the symmetry
breaking sector, the Higgs and the Yukawa sector [4],
Leff = ∂µΦ+∂µΦ+ t¯ γµ∂µ t+ b¯ γµ∂µ b+ µ2Φ+Φ + λ
(
Φ+Φ
)2
−yt
(
Q¯LΦ
ctR + h.c.
)
(1)
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where covariant derivatives appear replaced by normal derivatives and the lo-
cal SU(2)L ⊗ U(1)Y symmetry is replaced by a global SU(2)L symmetry with
corresponding Ward-Takahashi identities . Φ is the Y = 1 Higgs doublet field
Φ(x) =
(
ϕ+
ϕ0
)
; ϕ0 =
H + v − iϕ√
2
. (2)
By Φc = i τ2Φ
∗ we denote the Y charge conjugate Y = −1 Higgs doublet. QL
is the left-handed (t, b) doublet. The b as a light field can be taken to be non-
interacting. In our case of H → 2γ photons couple as usual to the charged
particles in the heavy sector (charged Higgses and the top and bottom quarks).
Furthermore, the limit g, g′ → 0 should be taken at fixed low energy constraint
on sin2ΘW = 1 − M
2
W
M2
Z
= g
′2
g2+g′2 . The adequate renormalization scheme takes
Gµ and sin
2ΘW as input parameters together with α for the QED part.
We first look at the decoupling limit: the decoupling theorem states that
heavy virtual particles of mass M decouple like O(E/M) as M → ∞ where E
is the fixed energy or light-mass scale of the “light” particle sector. In fact the
Appelquist-Carrazone decoupling–theorem [2] holds in theories like QED and
QCD only, where masses and couplings are independent and when some of the
masses get large at fixed couplings. In the SM where masses are generated by
the Higgs mechanism the decoupling theorem does not hold in general because
of the well known mass coupling relations
MW =
g v
2
, MZ =
g v
2 cosΘW
mf =
yf v√
2
, mH =
√
2λ v . (3)
In the SM masses can only get large either in the strong coupling regime, or by
taking the Higgs vacuum expectation value v → ∞, which then would violate
the important low energy constraint
v =
(√
2Gµ
)−1/2
= 246.2186(16) GeV , (4)
and in addition would rescale the spectrum uniformly to large masses. In the SM
a particle cannot be removed from the theory by just taking its mass to infinity.
At fixed v it requires to take the strong coupling limit in which perturbative
arguments fail to apply.
One drawback, relevant for the H → γγ, is that the HWW coupling is
2M2W/v, and similarly, the Hψ¯fψf fermion couplings are mf/v. As a conse-
quence, masses appear as factors in the numerators of Feynman amplitudes in
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addition to the masses in propagators [mass terms] which show up in the denom-
inators. The mass factors in the numerators obviously lead to non decoupling
effects for large masses.
In discussing various mass limits in the SM one should keep in mind that
relations like the custodial symmetry constraint ρ =
M2Z
M2
W
cos2 ΘW
= 1 or equiv-
alently cos2ΘW = M
2
W /M
2
Z must be respected. In the gauge field sector we
have three basic parameters, the gauge couplings g, g′ and the Higgs vacuum
expectation value v which usually (LEP parametrization) are mapped to α, Gµ
and MZ as the most precisely known input parameters. Then the W mass is
given by
M2W /M
2
Z =
1
2
(
1 +
√
1− 4A
2
0
M2Z
1
1−∆r
)
= cos2ΘW (5)
considered to be kept fixed. Here A0 =
(
piα√
2Gµ
)1/2
= 37.2802(3) GeV and ∆r
represents known radiative corrections. In any case we must respectMW < MZ ,
or more precisely the relation (5). We just wanted to point out that non-
decoupling effects in the SM are experimentally well established, and one cannot
conclude a SM calculation to be incorrect because of lack of decoupling. Of
course the lack of decoupling naively looks unnatural, but in fact constraints
from the ρ–parameter on heavy states are quite intriguing and extensions of the
SM in most cases end up in a fine tuning problem [5], because decoupling of new
heavy states, in theories where masses are generated by spontaneous symmetry
breaking, is more the exception than the rule. Therefore, experimental low
energy constraints actually are much more severe than often anticipated.
The equivalence theorem has to do with the massive gauge bosons in the
limits where gauge boson masses are expected to become irrelevant. This con-
cerns high energies E ≫ MW ,MZ as well as the effective regime when gauge
boson masses are small relative to other masses, like mt,mH ≫ MW ,MZ .
Specifically for the heavy top effects this has been worked out and discussed
in [4] and [6].
The root of the equivalence theorem is the following: in the unbroken phase
of the SM the gauge bosons are massless and have two transverse degrees of
freedom. When the SM undergoes spontaneous symmetry breaking (Higgs
mechanism) the gauge bosons become massive and get a third physical de-
gree of freedom, the longitudinal one, by “eating up the Higgs ghosts”, which
become unphysical. The number of physical degrees of freedom remains con-
served. The broken symmetry is recovered as an asymptotic symmetry when
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energies get large relative to the gauge boson masses. Equivalently, in the limit
MW , MZ ≪ E the gauge bosons become transversal again, however, the lon-
gitudinal modes transmute back into physical scalar Higgs degrees of freedom.
Three of the four scalar Higgses had turned into unphysical Higgs ghosts during
symmetry breaking. At high energies the symmetry is restored.
Formally, one may use ’t Hooft’s gauge fixing conditions (linear covariant
gauge)
W±µ : C
± = −∂µWµ± ± iξWMWϕ± = 0
Zµ : CZ = −∂µZµ − ξZMZϕ = 0
Aµ : CA = −∂µAµ = 0
(6)
which imply a correspondence like ∂µW
µ± ∝ ϕ±. While the transversal modes
couple with gauge coupling g HW+W− the ghosts couple with the Higgs self
coupling λHϕ+ϕ− and when mH ≫ MW , meaning λ ≫ g, the longitudinal
modes dominate. This is the limit referred to in Ref. [1] as decoupling limit,
mistakenly the dominating longitudinal mode has been lost in the calculation.
The relevant Ward-Takahashi identities derive from the standard model
Slavnov-Taylor identities as follows. We use the notation of Ref. [7]. In the ’t
Hooft gauge we denote by ξ the gauge parameter, a, ζ and η± are the photon-
associated, the neutral and charged Faddeev–Popov ghost fields, respectively.
The W boson propagator satisfies
< T∂µW
µ+(x)W−ν (y) > +ξMW < Tϕ
+(x)W−ν (y) >
= −ξ < T η¯+(x)∂νη−(y) > +i ξ [e < T η¯+(x) (W−ν a−Aν η−)(y) >
−g cosΘW < T η¯+(x)(W−ν ζ − Zνη−)(y) >]
and
< T∂µW
µ+(x)∂νW
ν−(y) > + ξMW < T∂µWµ+(x)ϕ−(y) >
+ ξMW < Tϕ
+(x)∂νW
ν−(y) > + ξ2M2W < Tϕ
+(x)ϕ−(y) >= −i ξδ(x− y)
for the longitudinal parts of the gauge field propagators. Using the usual ten-
sor decomposition for the self-energy functions (inverse propagators) in Fourier
space
< TWµ+(x)W ν−(y) > → i (gµνA1 + qµqνA2) ≡ −i
(
gµνΠW (q
2) + · · ·)
< TWµ+(x)ϕ−(y) > → MW pµB1
< Tϕ+(x)ϕ−(y) > → iC1 ≡ i Πϕ(q2)
< T ζ¯+(x)ζ−(y) > + · · · → −iM2WD1
the above identities read:
ξ
(
A1 + q
2A2 + B1
)
+D1 = 0
q2
(
A1 + q
2A2 + 2B1
)
+ C1 = 0 .
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By D1 we have denoted the full Faddeev–Popov ghost contribution which in-
cludes the three terms on the r.h.s. of the first of the above Slavnov-Taylor
identities .
In the limit g → 0 the Faddeev-Popov ghosts do not contribute and therefore
D1 ≃ 0 such that A1+ q2A2+B1 ≃ 0. Since the self–energy amplitude A2 does
not exhibit a pole at q2 = 0 we have q2A2 → 0. Thus we obtain the relevant
Ward-Takahashi identity A1 ≃ C1q2 which we may write in the form
ΠW (q
2)
M2W
≃ −Πϕ±(q
2)
q2
= −Π′ϕ±(q2) (7)
and which expresses the physical transversal part of the W self–energy in terms
of the self–energy of the charged scalar Higgs ghosts. For the HW+W− vertex
the Slavnov-Taylor identities look the same as for the W+W− propagator with
a Higgs field in addition under the time-ordering prescription: like
〈T∂µWµ+W ν−H〉 − i ξ MW 〈Tϕ+W ν−H〉 = −ξ〈T η¯+∂µη−H〉+ · · · (8)
modulo the gauge variation of the Higgs field, which vanishes when the Higgs
is taken on-shell. Again in the limit of vanishing gauge couplings the r.h.s is
vanishing, meaning that the longitudinal component of the W is replaced by its
charged Higgs ghost.
For illustration of a similar mechanism we remind about another example
of non-decoupling and the play of the equivalence theorem: the heavy top con-
tribution to the W self–energy. In the limit mt ≫MW ,MZ the gauge coupling
gWµ+(t¯γµΠ− b) turns into yt ϕ+(t¯Π−b) − yb ϕ+(t¯Π+b) (Π± = (1 ± γ5)/2 the
chiral projectors). Most prominent example of an electroweak non-decoupling
heavy top effect is the well known low energy effective neutral to charged cur-
rent coupling ratio ρ = GNC/GCC. It gets renormalized as ρ = 1 + ∆ρ where
∆ρ = ΠZ(0)
M2
Z
− ΠW (0)
M2
W
≃ Π′ϕ±(0)−Π′ϕ(0) =
√
2GµNc
16pi2 |m2t −m2b | at one loop. This
leading top effect is Veltman’s “flag pole” [8] and allowed to “measure” the top
mass indirectly at LEP [9], prior to the direct top discovery at the Tevatron [10].
Similarly, B − B¯ oscillations discovered by Argus at DESY [11] were possible
because the effect is enhanced by a non-decoupling heavy top contribution (see
e.g. [12, 13]). Non-decoupling effects in extensions of the SM have been dis-
cussed in Ref. [5]. In the context of Higgs production and decay non-decoupling
phenomena of heavy fermions where investigated long time ago in [14] (see
also [15, 16]). Last but not least, the present indirect Higgs mass bound from
LEP is due to a non-decoupling effect. When we try to remove the virtual Higgs
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from the SM by increasing its mass the SM would turn into a non-renormalizable
theory as we know. In fact m2H effects in the limit mH ≫MW ,MZ at one loop
are screened by the custodial symmetry of the minimal Higgs system and only
a logarithmic Higgs mass dependence persists [17] in this case.
In summary: in the limit under consideration physical S-matrix elements
are dominated by the longitudinal vector boson degrees of freedom and accord-
ing to the equivalence theorem, with mH [mt] as a high energy scale, one is
allowed to replace (up to a phase and up to O(M/mH) [O(M/mt)] corrections)
a longitudinally polarized vector boson by its corresponding unphysical scalar.
An equivalent relationship is obtained in the limit of vanishing gauge couplings,
g′, g → 0, from the Ward-Takahashi identities which derives from the remaining
global symmetry [4].
2 H → 2γ at one-loop
For H → γγ the correct SM results are well known. The W -loop amplitude is
(see e.g. [18, 19, 20, 21])
A
(W )
Hγγ = CW
[
3C0(MW ,MW ,MW ; 0, 0,m
2
H) (2M
2
W −m2H)− 3−
1
2
xW
]
xW→0∼ CW
[
7
4
xW +
11
120
x2W +
19
1680
x3W + · · ·
]
zW→0∼ 3CW
{[
1
6zW
+
(
pi2 − ln2 zW + 2
)
/2
− (pi2 − ln2 zW + 2 ln zW ) zW + (ln zW − 2) z2W + · · ·
]
+ipi
[− ln zW + 2 (ln zW − 1) zW + z2W + · · ·]
}
(9)
with CW =
α
2pi M
2
W and C0(M,M,M ; 0, 0, s) =
2
s
(
arctan 1√
4M2/s−1
)2
for s ≤
4M2. Furthermore, we denoted xW = m
2
H/M
2
W and zW = 1/xW . For s >
4M2 we have C0 = − 12s
(
ln 1−
√
1−y
1+
√
1−y + ipi
)2
with y = 4M2/s. For fixed HWW
coupling CW is fixed and the amplitude exhibits decoupling i.e. it is O(xW ) as
xW → 0. Taking into account the growth of the coupling, however, the complete
amplitude for mW ≫ mH tends to a constant and lacks decoupling in the naive
sense. The other limit zW → 0, i.e. mH ≫ MW , is exhibiting the singular
term in the box. This term is the one which has been questioned in [1]. The
equivalence theorem requires this term to be there without question.
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We have calculated these amplitudes in the ’t Hooft gauge with an arbitrary
gauge parameter ξ as well as in the unitary gauge using dimensional regular-
ization. The off-shell Slavnov-Taylor identities have been checked as well to
be satisfied. In the ’t Hooft gauge with free gauge parameter ξ there are 13
diagrams contributing. In the unitary gauge there are 2∗:
W±
γ
γ
H +
1
Both calculations give identical results†.
Using the equivalence theorem, we may calculate the leading contribution
for mH ≫MW by calculating the much simpler diagrams
ϕ±
γ
γ
H +
1
exhibiting loops of the charged Higgs ghosts only. The result in the ’t Hooft
gauge with arbitrary gauge parameter ξ reads
A
(ϕ)
Hγγ = CW
[
−1
2
xW + C0(Mϕ,Mϕ,Mϕ; 0, 0,m
2
H)M
2
ϕ xW
]
MW→0∼ 3CW
{
1
6zW
+O(M2W /m
2
H)
}
. (10)
In the full SM in the ’t Hooft gauge M2ϕ = ξM
2
W is gauge dependent, however,
in the limit where the equivalence theorem applies we have Mϕ/mH → 0 where
the second term vanishes. The remaining physical (gauge invariant) leading
term agrees precisely with the leading term of the full SM calculation. The
subleading term is gauge dependent and hence unphysical. We conclude that
physics uniquely fixes that questioned leading term, and it also implies that
Slavnov-Taylor (ST) identities are obviously not respected in the calculation of
Ref. [1].
For comparison, the corresponding result for a heavy top loop is given by
A
(f)
Hγγ = 2Q
2
f Cf
[
1 + C0(Mf ,Mf ,Mf ; 0, 0,m
2
H) (
1
2
m2H − 2M2f )
]
∗In a renormalizable gauge each W is represented by a W or ϕ line which yields 23+22 = 12
diagrams plus the Faddeev-Popov ghost loop.
†In the unitary gauge some technicalities with so called Lee-Yang terms [22] must be taken
into consideration also if dimensional regularization is applied.
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Figure 1: The H → γγ width as a function of the W mass at one loop order
(mH = 120 GeV, mt = 171.3 GeV).
xf→0∼ 2Q2f Cf
[
1
6
xf +
7
720
x2f +
1
1008
x3f + · · ·
]
zf→0∼ 2Q2f Cf
{[
1 +
1
4
(
pi2 − ln2 zf
)
− (pi2 − ln2 zf + ln zf) zf +
(
5
2
ln zf − 1
)
z2f + · · ·
]
+ipi
[
−1
2
ln zf + (2 ln zf − 1) zf + 5
2
z2f + · · ·
]}
(11)
with Cf =
α
2pi M
2
f , xf = m
2
H/M
2
f and zf = 1/xf .
The H → γγ width is given by
ΓHγγ =
√
2Gµ
4pimH
|AHγγ |2 (12)
where A = A(W )Hγγ +
∑
f A
(f)
Hγγ . Figure 1 shows how the H → γγ partial width
as a function of MW for MW → ∞ tends to a constant. Figure 2 compares
the W mediated Higgs width in the heavy Higgs limit, with and without the
proper leading term. In Fig. 3 we finally compare the full SM prediction with
the W mediated result, all in one-loop approximation. By GWW we denoted
the result from Ref. [1].
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Figure 2: The partial Higgs width Γ(H → γγ) as a function of the Higgs mass
mH . The full line is the standard SM result, the dashed one the one calculated
in Ref. [1].
Figure 3: Comparison of the Γ(H → γγ) standard SM predictions (W loop
only, + leptons, + quarks) with the alternative prediction from Ref. [1]
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The decay H → 2γ has been investigated in great details including higher
order effects. The two-loop QCD corrections to the quark loops have been
presented in [23, 24, 25, 26]. The limitmH >> MW has been investigated at the
two loop level in [27]. The complete two-loop corrections are also known [28, 29].
Not surprisingly, they get large in the heavy Higgs range where strong coupling
problems show up. For a comprehensive overview of the Standard Model Higgs
profile see [30] and references therein.
Comments like the ones presented in this note have been presented in Refs. [31,
32, 33, 34] in response of [1]. In our view, the result in question may be inter-
preted as follows: in the regime mH ≫ MW only the contribution from the
massless transversal W ’s have been taken into account, while the contribution
from the [in this limit] physical charged massless Higgses has not been taken
into account.
We conclude that the symmetry properties of the SM uniquely fix the cor-
rect answer for H → 2γ rate. Dimensional regularization (DREG) remains
the most adequate technical tool to preserve the gauge symmetry properties
in calculations exhibiting ultraviolet divergent integrals at some stage of a cal-
culation. This even is so if no overall renormalization is required like in the
H → 2γ process. Whatever regularization prescription is utilized at the end
one has to make sure that the Slavnov-Taylor and Ward-Takahashi identities
are respected. Limitations of dimensional regularization are well known in con-
nection with chiral structures: the anticommuting γ5 problem and the related
Adler-Bell-Jackiw triangle anomaly (see e.g. [35] and references therein). Sim-
ilarly, for supersymmetric structures dimensional reduction (DRED) is a more
adequate [36] regularization procedure. These technicalities however do not play
a role in the SM H → 2γ decay.
Because of the importance of the result in view of the Higgs search at the
LHC I find it appropriate to publicize these comments in spite of the fact that
essentially only known results are reviewed.
3 Addendum and Update concerning Ref. [37]
A recent paper entitled “Once more theW -loop contribution to the Higgs decay
into two photons” finds a confirmation of the calculations presented in Refs. [1],
which disagreed with earlier results obtained by utilizing the dimensional reg-
ularization (DREG) approach. This result has been criticized by a number of
papers [31, 32, 33], including the original version of this note [38] form October
10
2011. More recently the problem has been addressed also in Refs. [34, 39, 40].
The new calculation is based on applying the Cutkosky rule together with a
Dispersion Relations (DR) avoiding in this way the need for a ultraviolet (UV)
regularization. While the imaginary part is is devoid of UV problems at lead-
ing order, the application of dispersion relations in electroweak theory can be
tricky. This has been elaborated in [41], which was rectifying results presented
in Ref. [42] for the gauge boson self-energy functions. Specifically, the contri-
butions to the neutral to charged current Fermi type coupling, the so called
ρ-parameter, exhibits a leading correction ∆ρ(0) = ΠZZ (0)
M2
Z
− ΠWW (0)
M2
W
, where
both self-energy functions are quadratically divergent, while the difference is
super-convergent, when represented as a dispersion integral (DI). Nevertheless,
the result in general need not be correct, which at first looks really like a true
surprise. Indeed, the DI representation does not respect Ward-Takahashi iden-
tities and or Slavnov-Taylor identities as given by (6) automatically! If we
calculate the integrals before taking the difference, in the example of ∆ρ, we
need a UV cut-off and such cut-offs in case of non-Abelian gauge theories vi-
olate Slavnov-Taylor identities like (6). Unlike in the case of photons, where
the physics is confined in the transversal part, for massive gauge bosons there
is a relation between the transversal and the longitudinal part which must be
respected and in an actual calculation must be checked! Indeed, the weak point
of the present paper is the sentence “Adding a constant term to the dispersion
integral is of course possible, as always, but does not seem to be justified by any
physical requirement. (We do not view the agreement with a calculation using
dimensional regularization as a physical requirement.)”. Well, dimensional reg-
ularization is precisely designed to respect the symmetries of the theory and the
statement that this is not a physical requirement is certainly not tenable. That’s
precisely the point: choosing the constant to be zero is ambiguous and is just
violating the equivalence theorem, which relates the longitudinalW -mode to the
corresponding Higgs scalars ghost φ. The Higgs scalars get back their physical
meaning in the symmetric phase of the SM, which represents the high energy
limit of the broken phase. It looks as if the W ’s in the calculation presented
in [37] exhibit the transversal modes only. For large Higgs masses mH ≫ MW
the rate must be dominated by the longitudinal modes which there are repre-
sented by the scalar Higgs ghosts as given by Fig. 2 above. The problem is not
the electromagnetic Ward-Takahashi identity but the Slavnov-Taylor identity
for the divergence of the W -field. It is this relation which fixes the otherwise
arbitrary constant in the DR. Likely, the flaw lies in choosing the unitary gauge
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where Slavnov-Taylor identities of the ’t Hooft gauge form (6) get singular and
the derivation of the equivalence theorem gets less transparent. Although in the
unitary gauge we should get the correct answer of course, the calculation is more
cumbersome for what concerns respecting local gauge invariance. I guess that
the non-transversal part gives an additional contribution. Also: in the unitary
gauge in any case possible UV singularities are worse than in a renormalizable
gauge. The Slavnov-Taylor identities allow us to understand why the Higgs
coupling HW+W− which is proportional to 2M2W /v ∼ g2v/2 in the regime
mH ≫ MW must transmute into a coupling Hϕ+ϕ− which is proportional to
m2H/v ∼ λv/3. The Higgs ghosts which have sneaked into the longitudinal mode
indeed must couple differently form the transversal parts even so this looks not
so obvious. Note, mH ≫ MW requires
√
λ ≫ g (since both masses, MW and
mH are ∝ v).
As in Ref. [1] the role of the decoupling theorem is confused with the equiv-
alence theorem, I think. It is the latter which is relevant to fix the “free” sub-
traction constant in the DR. A Slavnov-Taylor identity fixes it unambiguously.
As mentioned earlier, while the decoupling theorem holds for QED and QCD,
where masses and couplings are independent parameters. It does not hold for
the weak sector of the SM because of the mass coupling relations, which requires
the coupling to be proportional to the mass. All this is remembered in more
detail in the text preceding this update.
Acknowledgment:
I thank Oliver Ba¨r for helpful discussions and for carefully reading the manuscript.
References
[1] R. Gastmans, S. L. Wu, T. T. Wu, arXiv:1108.5322 [hep-ph];
[arXiv:1108.5872 [hep-ph]].
[2] T. Appelquist, J. Carrazone, Phys. Rev. D 11 (1975) 2856
[3] J. M. Cornwall, D. N. Levin, G. Tiktopoulos, Phys. Rev. D10 (1974) 1145;
M. S. Chanowitz, M. K. Gaillard, Nucl. Phys. B261 (1985) 379;
J. Bagger, C. Schmidt, Phys. Rev. D41 (1990) 264;
H. Veltman, Phys. Rev. D41 (1990) 2294;
H.-J. He, Y.-P. Kuang, X. Li, Phys. Rev. Lett. 69 (1992) 2619.
12
[4] R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci, A. Vicere´,
Phys. Lett. B288 (1992) 95; ibid. B312 (1993) 511 (E); Nucl. Phys. B409
(1993) 105.
[5] M. Czakon, J. Gluza, F. Jegerlehner, M. Zra lek, Eur. Phys. J. C 13 (2000)
275.
[6] J. Fleischer, O. V. Tarasov, F. Jegerlehner, Phys. Rev. D 51 (1995) 3820.
[7] F. Jegerlehner, Renormalizing the Standard Model, in Test-
ing the Standard Model, edited by M. Cveticˇ, P. Lan-
gacker, (World Scientific, Singapore) 1991, p. 476; (see
http://www-com.physik.hu-berlin.de/~fjeger/books.html).
[8] M. J. G. Veltman, Acta Phys. Polon. B 8, 475 (1977).
[9] [LEP Collaborations], CERN-PPE-93-157Contributed to European Conf. on
High Energy Physics, Marseille, France, Jul 22-28, 1993 and the Int. Symp.
on Lepton Photon Interactions at High Energies, Ithaca, NY, Aug 10-15,
1993
[10] F. Abe, et al. (CDF collaboration), Phys. Rev. Lett. 74, 2626 (1995);
S. Abachi, et al. (D0 collaboration), Phys. Rev. Lett. 74, 2632 (1995).
[11] H. Albrecht et al. [ARGUS Collaboration], Phys. Lett. B 192 (1987) 245.
[12] M. K. Gaillard, B. W. Lee, Phys. Rev. D 10 (1974) 897.
[13] A. J. Buras, W. Slominski, H. Steger, Nucl. Phys. B 245 (1984) 369.
[14] J. Fleischer, F. Jegerlehner, Nucl. Phys. B 228 (1983) 1.
[15] J. Fleischer, F. Jegerlehner, Nucl. Phys. B 216 (1983) 469.
[16] F. Jegerlehner, K. Kolodziej, T. Westwanski, Eur. Phys. J. C44 (2005)
195. [hep-ph/0503169].
[17] M. J. G. Veltman, Acta Phys. Polon. B25 (1994) 1627-1636.
[18] J. R. Ellis, M. K. Gaillard, D. V. Nanopoulos, Nucl. Phys. B106 (1976)
292.
[19] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin, V. I. Zakharov, Sov. J.
Nucl. Phys. 30 (1979) 711-716.
13
[20] J. Fleischer, F. Jegerlehner, Phys. Rev. D 23 (1981) 2001.
[21] W. J. Marciano, S. S. D. Willenbrock, Phys. Rev. D37 (1988) 2509.
[22] T. D. Lee, C. N. Yang, Phys. Rev. 128 (1962) 885;
S. Weinberg, Phys. Rev. D 7 (1973) 1068.
[23] S. Dawson, R. P. Kauffman, Phys. Rev. D47 (1993) 1264-1267.
[24] K. Melnikov, O. I. Yakovlev, Phys. Lett. B312 (1993) 179-183.
[25] A. Djouadi, M. Spira, P. M. Zerwas, Z. Phys. C70 (1996) 427-434.
[26] J. Fleischer, O. V. Tarasov, V. O. Tarasov, Phys. Lett. B584 (2004) 294-
297.
[27] J. G. Ko¨rner, K. Melnikov, O. I. Yakovlev, Phys. Rev. D53 (1996) 3737-
3745.
[28] U. Aglietti, R. Bonciani, G. Degrassi, A. Vicini, Phys. Lett. B595 (2004)
432-441.
[29] G. Degrassi, F. Maltoni, Nucl. Phys. B724 (2005) 183-196.
[30] A. Djouadi, Phys. Rept. 457 (2008) 1.
[31] M. Shifman, A. Vainshtein, M. B. Voloshin, V. Zakharov, Phys. Rev. D85
(2012) 013015; [arXiv:1109.1785v3 [hep-ph]].
[32] D. Huang, Y. Tang, Y. -L. Wu, Commun. Math. Phys. 57 (2012) 427-434;
[arXiv:1109.4846 [hep-ph]].
[33] W. J. Marciano, C. Zhang, S. Willenbrock, Phys. Rev. D85 (2012) 013002;
[arXiv:1109.5304 [hep-ph]].
[34] H.-S. Shao, Y.-Z. Zhang, K.-T. Chao, JHEP 1201 (2012) 053;
arXiv:1110.6925v2 [hep-ph].
[35] F. Jegerlehner, Eur. Phys. J. C18, 673-679 (2001).
[36] D. Sto¨ckinger, JHEP 0503 (2005) 076.
[37] E. Christova, I. Todorov, arXiv:1410.7061 [hep-ph].
[38] F. Jegerlehner, this note version 1: arXiv:1110.0869v1 [hep-ph] 4 Oct 2011.
14
[39] A.L. Cherchilia, L.A. Cabral, M.C. Nemes, M. Sampale, Phys. Rev. D87
(2013) 065011; arXiv:1210.6164v2 [hep-th].
[40] A. Donati, R. Pittau, JHEP 1304 (2013) 163; arXiv:1302.5668 [hep-ph].
[41] B. A. Kniehl, A. Sirlin, Nucl. Phys. B 371 (1992) 141.
[42] B. A. Kniehl, J. H. Ku¨hn, R. G. Stuart, Phys. Lett. B 214 (1988) 621.
15
